The base of the design and construction of an adaptive light-weight climbing robot is an understanding of the adaptive nature of small mammals' motion on sloped supports. In the present study, the locomotor generalist Rattus norvegicus (the rat) served as the main biological paragon. Experiments were performed under X-ray high-speed videography with synchronized substrate reaction force (SRF) measurements, to allow calculation of inverse dynamics. Statistical analyses were performed to examine the effects of different substrate orientations on the kinematic variables. We obtained SRFs, torque and power patterns in the extremities and trunk of rats moving on simulated arboreal substrates at different substrate orientations (0°, 30°, 60°). During locomotion on horizontal substrates, rats prefer symmetrical gaits and switch to synchronous gaits at 60° inclination. Surprisingly, horizontal locomotion and locomotion on moderately inclined substrates (30°) differ only in the power invested in locomotion. Our results suggest that the trunk seems to play a more important role during locomotion at steeper inclines where rats switch to the more quasi-static in-phase gait. We conclude that this may be an indication of a change from a grounded to a climbing gait. Via bionic transfer we derived main basic principles, which we applied to the design of the robot Rat-Nic.
INTRODUCTION
The need for automated external inspection of linear structures such as cables and pipelines steadily is increasing, driving the work on climbing robots during recent years. The systems currently available have an overall mass ranging from 3 to 75 kg [1] . Inertial forces produced by robots of this size may cause damage to the structures inspected. In addition, the robot's locomotor abilities are quite constrained and highly specialized. Therefore, the common objective of the project 'InspiRat' [2] was the development and construction of an autonomous climbing robot for the inspection of semistructured environments, with a maximum mass of 1.5 kg [1] [2] [3] . For an inspiration of development and optimization of such a versatile robot, it is helpful to examine the biomechanical principles used by successful lightweight climbers and generalists, like small mammals, during locomotion on substrates at different orientations. These animals live in habitats that are topographically diverse, normally 'unstructured' (in the common sense of robotics -from the animal's perspective, the structure is evident) and full of varied obstacles. Thus, the abstraction of principles observed in the locomotion of small mammals on sloped substrates could be used as a bionic method to enhance robot design, and to reduce control effort. We argue that the development of a biomimetic robot must not only be focused on morphological aspects. Biomechanical and thus functional analyses serve as a key to the understanding and modelling of climbing or locomotion processes. From those, engineers also acquire basic inspiration for their design processes by imagination of an 'ideal' climber, combining principles observed in different animals (individuals and species). In addition, it is possible to test the model that has been proposed by comparing the behaviour in climbing locomotion of robots with that of the biological paragons. This iterative process is shown in Fig. 1 . From previous works on terrestrial locomotion of small vertebrates, we knew about the importance of sagittal spinal movements during in-phase gaits, which contribute up to 50% to the total spatial gain [4, 5] . In addition, we knew that the coordination between trunk and extremities especially for in-phase gaits is of great importance for stable locomotion, providing mechanical 'robustness' [6] . But the contribution of the trunk to body propulsion on sloped substrates at the beginning of our project was unknown. We decided to use rats as biological paragons due to their success as ecological generalists ('ubiquists'). Then, following a bionic approach, we intended to infer and summarize some biomechanical strategies and behaviour during inclined locomotion by estimating forces, torques and power in the extremities and trunk of rats moving on a simulated arboreal substrate at different orientations (0°, 30° and 60°). This was achieved by using X-ray videography with synchronized substrate reaction force (SRF) measurements to calculate inverse dynamics (IDA).
The main part of this paper is devoted to the experimental and the biomechanical approach. Our specifi c biomechanical goals were threefold. First, we examined whether gait modes, temporal gait parameters and, therefore, joint kinematics and kinetics are grade-related. Based on observations in horses and lizards [7, 8] , according to the principles of energy conservation, we expected that energetic cost increases during incline locomotion. Thus, we hypothesized that the rats change speed and/or gait to deal with increasing limb joint torques and powers. For conservative systems as inclination increases, grade-related changes in potential energy require that an animal expends more energy to move uphill at the same speed as on the horizontal. However, small animals like any objects of the real-world are non-conservative systems, and, as shown by Hanna et al. [9] , the Figure 1 : Design process in the development of a biologically inspired robot. The technical design process should be based on semantic and dynamical models, deduced from biomechanical studies.
metabolic cost of vertical climbing and horizontal walking in small primates with a mass below 0.5 kg at the same speed is almost the same. More effi cient horizontal walking is related to an increased leg length. Phylogenetic leg length increments permit the use of energy saving mechanisms such as pendular mechanics [10, 11] , reducing at the same time the rate at which muscles are activated to generate force to support body mass, as initially reported for running [12] . We were also interested in whether the contribution of forelimbs and hindlimbs to body propulsion in small mammals like rats is grade-related. It is known that specialized climbing animals like spider monkeys exhibit a markedly hindlimb dominance while climbing upwards [13, 14] . Thirdly, we were seeking to determine the contribution of the trunk to body propulsion as inclination increased. Specifi cally, in order to supply extra energy to the climbing process we expected the trunk to be more actively used during climbing than during horizontal locomotion.
The fi nal section of this paper is devoted to the bionic transfer, in which we present the reduced fundamental principles we used as base for the design and construction of the climbing machine Rat-Nic.
METHODS 2.1 Animals
Metric, kinematic and kinetic data were obtained from two adult female rats (Rattus norvegicus) weighing 305 and 325 g, respectively. The Committee for Animal Research of County of Thuringia, Germany, approved the animal care and the experimental procedures. Animals were positively motivated (food) to move across a simulated arboreal substrate at their preferred speeds. The substrate was 2.00 m long and covered with cork, to enable claw penetration. Only trials in which the animals were travelling at steady speed were examined quantitatively.
X-ray motion analysis
Kinematics and metrics were analysed using biplanar X-ray imaging at the Institut für Spezielle Zoologie und Evolutionsbiologie mit Phyletischem Museum, Friedrich-Schiller-Universität Jena, Germany. The experimental setup consists of a biplanar X-ray system (Neurostar, Siemens ® ) and two visible light high-speed cameras (SpeedCam Visario g2, Weinberger ® ) ( Fig. 2A) . Both X-ray sources were arranged at an angle of 45° to the vertical position, and thus orthogonally to one each other. This orientation allowed detailed perspectives of proximal skeletal elements such as the Scapula. Cineradiographic images were taken at 1,000 frames per second (fps). Animals were observed and fi lmed with X-ray source parameters 40 kV and 53 mA. Raw video data were fi ltered (gamma correction, contrast, sharpness) and subsequently converted into the standard audio-video-interleave format (avi). The identifi cation of the joints was performed using SimiMotion ® software (Fig. 2B) . The spatial movements of dorsal root of diaphragm as representative of the body's CoM were registered in order to determine the average animals' speed.
Force data acquisition
Three-dimensional (3D) SRFs were measured with a force-sensitive region of 55-mm length integrated into the middle segment of the climbing pole ( Fig. 2A and B) . This force-transducer element was attached to the surface of a Kistler ® force plate and separated from non-instrumented segments by 1-mm gaps. An important requirement was the elimination of metal parts in the area crossed by X-ray beams. The transducer element between substrate and force plate, therefore, was made of poly-oxy-methylene. The complete setup was mounted in a specially designed carrier structure, which permitted easy adjustment of the support inclination. SRFs were collected at 500 fps. Analogue force data were amplifi ed (8-Channel Charge Amplifi er, Type 9865, Kistler ® ), converted into a digital format via NI USB-6229 (National Instruments ® ) and recorded with a self-developed tool in LabView ® 8.2 (National Instruments ® ). Force measurements and X-ray analyses were synchronized electronically (post-trigger). The forces in the anterior-posterior, medial-lateral and normal directions (respectively, F ap , F ml and F n ) were computed from the amplifi ed signals S m multiplied by the linear calibration matrix C, which was previously determined from measurements on calibrated loads. This analysis yielded the following values for the uncertainty of the measured forces: ΔF ap = ±0.02 N; ΔF ml = 0.02 N; ΔF n = 0.04 N.
Mechanical link model
The mechanical model consists of 20 rigid segments, representing toes, feet (fore-and hindlimbs each), shank, thigh, lower arms, upper arms, scapulae (all together forming the extremities), pelvis, abdomen, thorax and head (trunk). These segments were assumed to move only in the sagittal plane [cf. the results of former studies, e.g. [4] [5] [6] 15] and to be linked via pin-joints (Fig. 2C) . To calculate inertial properties (i.e. mass, position of centre of mass [CoM] , and inertial tensor about the CoM), a female rat cadaver (weight 301.12 g) was dissected. The body stem and each extremity were divided into four segments. The dissected segments were measured and weighed; inertial properties of the body stem were estimated by matching each segment to basic geometrical elements (pelvis and head: trapezoid plates; abdomen and thorax: rectangular plates). This approach following Hanavan due to our own experiences provides comparable results to the before used [15] exact mapping of the outer contour by structured light. Inertia of the extremities was not taken into account for calculations, since the infl uence of the leg segment inertia, estimated as a thin rod (ml 2 /12), is <5% of the maximal joint torque, even for the most proximal joints (see Tables A1 and A2 and Fig. A1 ). The position of CoM for each limb segment was obtained by using a pendulum method as described in [16] . Morphometric parameters are summarized in Table 1 . We are aware that a 2-D representation causes especially the abductive and adductive motions of the limbs to be neglected. This simplifi cation has the effect that limb elements that are moved out of plane appear seemingly shorten in a sagittal projection [4] , inducing errors in computing forces and torques.
IDA analysis
On the pole, the centre of pressure (CoP) of the forces acting on the sole of the feet could not be resolved with suffi cient accuracy. We assumed the CoP to be located at the beginning of the stance in the middle of the sole, following [15] . After touch-down we animated the position of the CoP to linearly translate from its initial position to the tip of feet.
To enable synchronization of kinematic and force data and to reduce the noise in the twofold numerical derivation necessary for computing linear and angular accelerations, several techniques proposed in literature were applied (third and fi fth order spline interpolation, moving average and Butterworth fi lters) [15, 17] . The trajectories of the segments' CoMs were calculated from the joint trajectories in combination with morphometric data. The absolute angle of each segment in space was defi ned between the vectors formed by the motion direction and each segment (distal-proximal direction). Joint angles were obtained from the scalar product of the vectors describing two adjacent segments and expressed in accordance with [5] . Internal forces of the joints and net torques about the CoM of limbs and body-stem segments were estimated applying the Newton-Eulerian approach: Body mass = 301.12 g, J is the mass moment of inertia about the CoM and L the distance between proximal and distal joint. The position of the CoM is relative to the proximal joint.
where m is the segment mass, J the inertial tensor about the CoM, I the identity matrix, ṙ˙ the linear acceleration, j˙ the angular acceleration and f includes gravity and all distal and proximal forces. M includes all torques due to forces and net muscular torques. Joint power was estimated as joint torque multiplied by joint angular velocity. Positive power is defi ned as 'concentric work' of a muscle group (torque and angular velocity have the same sign), negative power as 'eccentric work'. As in [15] , the Scapula was included in the analysis. The scapular fulcrum was modelled as an instantaneous centre of rotation (ICR), and the net muscular torque was therefore computed about that centre. One of the challenges of computing torques between structures in the trunk was to decide whether shoulder, scapular (both coupled to the trunk by soft tissues) or both torques should be transmitted to the thoracic segment. We decided to compute the net torques in the thoracic-abdominal joint (T13) from propagation of forces and compare torques transferred from forelimbs with those coming from hindlimbs. Theoretically, they should be equal but opposite in sign. However, they usually differ because of error propagation (an observation confi rmed by personal communication with Ogihara [18] ). Torques in T13 joint computed using the sum of shoulder and scapular torques were found to be between 1.7 and 2.3 times larger than those obtained in the same joint computed arising from hindlimb data. On the other hand, when torques generated in scapular or shoulder joint are used, differences were below 30%. Therefore, we decided to use the scapular torque, which is normally the greater one [15] . During in-phase gaits (approximately synchronous touch-down events of both forelimbs and hindlimbs, respectively), torques and power were calculated from the total SRF and the kinematics of the left extremities. In order to obtain the torques and power acting in each joint, the results were be divided by 2, on the assumption that there was equal distribution over the two sides of the body. Before average values were calculated, and to achieve a common time base for normalization in a series of corresponding measurements, each result for torque, angular velocity and power was interpolated and 300 points were obtained. The signal processing, the model and the IDA were all implemented in Matlab ® .
Statistical analyses
Statistical analyses were performed using SPSS ® 18 and Graph Prism ® 4.0 for Macintosh ® . Leastsquares regression was used to determine if any statistical relationship existed between speed and each kinematic variable. If no correlation with speed existed, we used two-way analysis of variance (ANOVA; individual and substrate as factors) to examine the effects of different substrate orientations on the kinematic variables. Two-way analysis of covariance (ANCOVA) was used if the variable showed correlation with speed. The Bonferroni post hoc test was used to compare substrate orientations. Signifi cance level was p < 0.05. For fi nal data analysis, we were able to obtain a total of 44 steady-state strides (16 at 0°, 18 at 30° and 10 at 60°) of biplanar X-ray recording and synchronous, single limb SRF traces. We additionally included 10 (5 forelimb and 5 hindlimb) strides obtained at 60° inclination for the kinematic analysis. For our investigation of steady-state locomotion, we discarded all trials with a horizontal speed deviation of more than 5% during stance.
RESULTS

Metrics and kinematics
While the animals preferred the walk (symmetrical gait) during horizontal locomotion on the pole, they switched to a more asymmetrical fast walk or grounded running (trot without aerial phases) at 30° of substrate inclination. Pulse climbing (in-phase gait, for a detailed description see [19] ) was preferred during locomotion at 60°. Speed decreased signifi cantly with increasing substrate orientation, whereas stance duration of the forelimbs and hindlimbs increased ( Table 2) .
As shown in Tables 3 and 4 , most joint and element angles of the forelimbs differ signifi cantly between horizontal locomotion and locomotion on an incline, in particular at 60° inclination. In the hindlimbs, we observed signifi cant differences between the 30° and 60° inclinations. Contrary to these, differences between horizontal locomotion and locomotion at 30° were only minimal (i.e. only changes in rhythmical contact events of the limbs occur while kinematics is conserved). Trunk joint angles (illio-sacral and T13 joint) displayed signifi cant variation only between locomotion at 30° and 60°.
Kinetics
During horizontal locomotion, the normal (vertical) components of the SRF display a half-sine function. Maximal value of the normal force measured for the forelimbs occurs during late stance phase (stance = 70%; SRFn = 0.614 BW (body weight); std = 0.0456 BW), while that of the hindlimb occurs during early stance phase (stance = 30%; SRFn = 0.634 BW; std = 0.0587 BW). The anteriorposterior (a-p) component of SRF for the forelimb displays biphasic behaviour, negative at fi rst, changing to positive at the middle of stance. On the other hand, the a-p SRF component of the hindlimb presents a positive half-sine pattern. With increased inclination, a-p components of the SRF become propulsive (Figs 3 and 4) . Comparing the results obtained from 0° and 30° and regardless of the grade-related offset in the SRF, the shapes of SRF at 0° and 30° inclination are quite similar. At 60°, forces are mainly ruled by gravity. During stance phase of the hindlimbs, the resultant of SRF in a-p and normal directions is slightly above body weight, thus mainly compensating gravitational force. Shortly after initial contact of the feet of forelimbs ('hands': HaC), the forelimbs push downwards parallel to the substrate, whereas hindlimbs increase pressure for lift-off (TO). This enables the forelimbs to pull on the substrate and thus to generate negative SRFs. Immediately after TO, abdomen is shifted upwards (Fig. 4) .
Joint torques and powers
Functionally analogous segments in forelimbs and hindlimbs (i.e. scapula-thigh; upper arm-shank; forearm-foot, for further explanations see [5, 15] ) displayed similar torques and power patterns during horizontal locomotion as well as during locomotion at 30° substrate orientation (power in knee and shoulder joints like for 0° excepted, cf. Torques and power patterns for knee and shoulder joints revealed asymmetrical biphasic behaviour (cf. Fig. 5, green solid lines) . Of the knee and the shoulder fi rst, the knee joint was concentrically fl exed until approximately 15% of the st-ph (Fig. 5, green dashed line) and the shoulder joint concentrically retracted until approximately 30% of st-ph (Fig. 5, green dashed line) , then the knee joint was eccentrically extended and the shoulder joint concentrically protracted. On the other hand, torque and power curves of ankle and elbow joints were monophasic (plantar and lower arm extensors worked concentrically). Only for the most distal joints, torques and power patterns were found to be different (metatarsophalangeal and wrist joints). Interestingly, the paths of the torque curves for hind limbs during ground locomotion in rats and those obtained from human beings during normal walking seem to be very similar (cf. [17] ). If inclination increases, the infl exion point in the biphasic joint torques and power paths in the most proximal joints is gradually shifted towards 100% of st-ph. By doing this, the relative duration of the positive joint power phase is incremented, resulting in a higher generation of mechanical work. Transition between concentric and eccentric work of the musculature in the most proximal joints occurred at approximately 50% of st-ph during horizontal locomotion. In contrast, during inclined locomotion (30°) transition occurred at 75%, 80% and almost at 100% during climbing (60° inclination).There are differences observed between locomotion at 0° and 30°. At 30°, the torque maxima in scapular pivot became larger than those of the shoulder joint (scapula: 0.135 Nm/kg; shoulder: 0.08 Nm/kg; cf. Fig. 5, yellow solid lines) . Maximum torque in the forelimbs was found to be located in the elbow joint (0.167 Nm/kg). Moreover, during horizontal locomotion no differences were observed between the maximum torques in fore-and hindlimbs. During locomotion on the inclines (30°), hindlimbs generate much more driving force (maximum hip torque: 0.39 Nm/kg; see Fig. 5, yellow solid lines) . By comparing torque patterns obtained during horizontal and 30° sloped locomotion with 60° inclination, two important fi ndings can be addressed: (i) during inclined locomotion, torque maxima in the proximal pivot (scapula) become larger than those of the shoulder joint (cf. Fig. 5C , red solid lines) and (ii) surprisingly, the maximum torques generated during climbing (60°) did not differ essentially from those obtained during horizontal and 30° sloped locomotion. Only in scapular and shoulder joint, maximal joint torques at 60° are larger than those observed for 30°. Even so, positive power exerted by the joints stayed below that estimated for 30° inclination (ankle and scapular joints excepted).
During horizontal locomotion, torque patterns in the thoracic-abdominal joint (T13) showed a periodic change between fl exion and extension. In the fi rst 50% of the st-ph during 30° sloped locomotion, an extensor torque acts in T13 (Fig. 6) . It seems likely that the forces and torques acting on the proximal joints of the forelimbs and hindlimbs produce this extensor moment. In the second half of the st-ph, the torque changes to fl exor quality. Due to the fact that neither at 0° nor at 30° the joint angle in T13 changes, the power function oscillates around zero. With increasing inclination, the concentric work of abdominal musculature becomes crucial. During climbing (60°), forelimbs push downwards almost parallel to the substrate, and a fl exor torque appears at T13 joint (Fig. 6 ). Rapidly power becomes positive, indicating that the abdominal musculature works concentrically. Subsequently, the maximum positive power occurs after lift-off of the hindlimbs, whereas the abdomen is shifted upwards. With the beginning of the hindlimbs' support phase, thorax and pelvis are extended, forelimbs are protracted and the resultant of the SRFs is directed to the CoM. During the swing phase of the forelimbs, torque in T13 remains negative (extensor), and power positive, indicating that dorsal musculature may control actively the trunk extension during this phase.
Contrary to our assumptions, the CoP may be located anywhere under the sole of the foot. In Appendix A, we summarize the results of the sensitivity analysis performed on one representative trial for each inclination (0°, 30° and 60°). For the proximal joints, the uncertainty in the estimated joint torque oscillates about 20% of their max joint torques during horizontal locomotion (may reach 40% for the rare case that after midstance CoP still should stay under the proximal end of the foot). Because of the feets' external rotation, the uncertainty due to CoP mislocation decreases during sloped locomotion to <5% for 60°. presented are mean values (0°, n = 8; 30°, n = 9; 60°, n = 5). Torques and powers for 0° and 30° inclination are presented starting from HaC ('hand' contact) and related to the stance duration. For 60° inclination, torques and powers include the hindlimb stance phase and other stance events; HeC, heel contact; TO, lift-off; HO, 'hand' off. Note that the trunk is used for body propulsion only during in-phase gaits (pulse climbing).
4 DISCUSSION The present study is a logical continuation of previously published studies on locomotion of small therian mammals on fl at ground [4-6, 15, 20] . For the fi rst time, reaction forces, limbs and trunk torques and power paths of rats during simulated arboreal locomotion are presented here.
Gait modes and kinematics
Our fi rst question was whether gait modes, temporal gait parameters and, therefore, joint kinematics and kinetics are grade-related. Rats display two different climbing strategies in dependence of the slope angle. During horizontal locomotion, rats prefer symmetrical gaits, at 30° they use a less symmetrical gait (fast walk or grounded running). At 60° inclination, rats switch to a quasi-static synchronous gait ('pulse climbing'). Our fi ndings show that there are minor grade-related changes in joint and element angles kinematics of the hindlimbs when comparing horizontal with 30° inclined locomotion. At 30° inclination, joint torques and joint angular velocity increase in order to increase joint power.
Pole and slope-related kinetics
Animals moving on narrow branches typically reduce both vertical and a-p forces [e.g. 21, 22] . Our results add to that observation when compared with data published in earlier works on fl at terrain and poles [e.g. [23] [24] [25] . This reduction increases if the diameter of the pole decreases [25] . Peak reduction of SRF is normally attributed to a more fl exed and compliant limb [22] . Fast locomotion combined with compliant limbs normally leads to grounded running. This gait, which is characterized by duty factors linked to walking (duty factor >0.5) and running-like energy fl uctuations of the body, offers some advantages for pole locomotion like increased step lengths and reduced vertical excursions of the CoM [26] .
Our second question asked whether the contribution of forelimbs and hindlimbs to body propulsion in rats is grade-related. In this respect, our results show grade-related dependencies, which can be summarized as follows: During horizontal locomotion, both extremities contribute almost in the same way to body support. As observed previously in other mammals, forelimbs generate larger braking forces [13] . During arboreal locomotion on an incline, the locomotion of rats becomes markedly 'hindlimb dominated', as observed in primate quadrupedal locomotion [cf. 13]. As stated in [27] , the more inclined the substrate, the more is the part of the weight to be borne by the limbs positioned closer to the ground. Simultaneously, the component of the weight force parallel to the substrate increases as a function of the sine of the slope angle. This component is usually balanced by friction (Coulomb). Friction is proportional to the force exerted. It follows that it is easier to generate the force necessary to push the CoM upwards by means of the hind limbs (carrying a greater portion of the weight) than to pull it by the forelimbs with their disadvantageous lever arm (cf. [28] ).
Slope-related joint torques and powers
Net limb joint torques in quadrupedal mammals generally refl ect the need to counteract gravity [15, 29] . The 'anti-gravity role' of limb joint extensors torques prevents gravity induced limb collapse during weight bearing [e.g. 30, 31] . On the pole, this basic principle does not change, thus our net limb joint torques' results during horizontal locomotion on the pole agreed with data published in earlier works on fl at terrain [e.g. 15, 32, 33] . This study shows, moreover, that during horizontal locomotion, torques and power for the most proximal joints in forelimbs are very much akin to those displayed by the hind limbs (maximum value and shape). Our hypothesis is that this is due to similar (conservative) neuronal activation paths for both limb pairs. In addition, the most proximal joints tend to contribute more to the actuation; these differences become even more obvious as inclination increases. On the other hand, the distal joints like ankle and wrist seem to be the most important contributors to spring-like behaviour and terrain adaptation (ankle extensors and their long tendons provide an obvious site for the storage and release of mechanical energy [34] ). Moreover, our results show the importance of the ankle's contribution to lift-off events at 60° inclination.
If one represents the complete st-ph of a rat during grounded running in terms of motions of its CoM, the whole behaviour could also be represented as a spring-mass system [35] . Our results show, contrary to our assumptions, that this response seems to be mainly produced due to the springlike behaviour of the extremities. Our fi ndings indicate that no energy exchange may occur inside the rat's trunk during walk or grounded running.
Surprisingly, maximal joint torques during walking and climbing did not differ signifi cantly. Furthermore, torques obtained at 60° inclination were lower than those obtained at 30°. We deduce that between 30° and 60° rats may reach the maximal joint torques they can exert, especially in the hind limbs. Thus, in order to climb more sloped substrates, as observed at 60°, they may have to switch to a more quasi-static in-phase gait, which permits them to exert the necessary propulsional force using similar limb joint torques. To that purpose, the active co-work of the extremities with the trunk becomes crucial. Our results indicate that during forelimb st-ph the concentric work of the abdominal musculature contributes to propulsion. In similar manner, during the swing phase of the forelimbs, concentric work of the dorsal muscles contributes to propulsion. Thus, the fl exion of the trunk helps to swing the hindlimbs forward, whereas trunk extension helps forelimbs in the same way. At the same time, trunk alternate movements increase total kinetic energy, as they increase the energy due to the rotation of the individual parts moving relative to each other. As presented by Alexander [36] , the total kinetic energy may be regarded as the sum of two main components: the external kinetic energy (EKE) due to motion of the centre of mass and the internal kinetic energy (IKE) due to rotation of parts of the body relative to the centre of mass. The latter can be divided into two components: IKE(a) representing energy due to the rotation of the system as a whole and IKE(b) representing the energy due to the rotation of individual segments. In our case IKE(b) = IKE(bl) + IKE(bt). IKE(bl) represents the energy exerted by the alternate rotation of the legs relative to the trunk, present at 0°, 30° and 60°. IKE(bt) represents the energy due to alternate bending of the trunk (i.e. produced by the relative rotational acceleration between abdomen and thorax), only present at 60° during in-phase gaits. Thus, if IKE(bt) is increased by using trunk fl exion-extension, IKE(bl) due to the alternate rotation of the limbs relative to the trunk can be kept constant or diminished. Thus, limb joint torques or limb joint angular velocity or both could be kept constant or diminished.
We expected a grade-related active work of the trunk as a way to supply extra energy to the climbing process. Our fi ndings show, however, that the trunk sagittal bending is used actively only during in-phase gaits, that is not directly as a function of slope, as already observed in previous studies on locomotion of small therian mammals on fl at substrates [5, 15, 20] .
Finally, although the change from a symmetrical to a more asymmetrical gait, as observed during locomotion at 30°, may indicate a change in the control program, the gait switching to a more quasi-static in-phase gait seems to be the indication for a change from a grounded to a climbing gait. Rats switch from dynamic grounded gaits to quasi-static behaviour during climbing, perhaps because of a limit of muscular force they can or have to choose to exert. But also because in-phase gaits permit them to perform a task division between fore-and hindlimbs, while hindlimbs support and accelerate body mass, forelimbs only need to balance, and may thus be freed for other tasks, such as investigating, and manipulating objects or food intake [27] .
5 BIOLOGICALLY INSPIRED CLIMBING ROBOT Bionic transfer does not mean copy from nature, but to synthesize main principles in a technical product. Small mammals are complex structures having many degrees of freedom (DoF) and actuation possibilities. For the design of a climbing robot, the reduction of complexity is necessary. In our opinion, the overall degree of freedom has to be reduced for a better understanding of the climbing process and in order to reduce design and control complexity of a robot. In our biomechanical analyses, we observed that when rats climb, their locomotion becomes dominated by hind limbs, and the generation of motion is mainly caused by the trunk and by the proximal muscles of the limbs. Based on our fi ndings, following points were proposed for the design process of a 'pure' climbing robot:
1. A quasi-static motion is adequate for climbing at steeper inclinations. 2. For pulse climbing, the complex 3D motion can be reduced to a planar motion. 3. The motion can be generated in the centre of robot and does not need to be mainly produced in extremity-like parts. 4. For pulse climbing, fore-and hindlimbs can be reduced to grippers. 5. Elastic elements should be integrated in the trunk to store energy and to support the actuators during climbing.
Our climbing robot (Fig. 7 ) was designed and constructed with a DoF of 4 plus two additional DoF for the grippers. The two hind and two forelimbs were reduced in each case to a gripper. The relative motion between the two grippers is achieved by an actuated linkage mechanism. The frontal body carries the actuator for the front gripper (and sensor elements); the hind body carries the actuators for the spine as well as all necessary electronic components. Due to the observed hind limb dominance during climbing at 60° inclination, and to freed the front body for other tasks, most of the robot mass was concentrated in the hind body. The relative distribution is about 30% in the front and 70% in the hind body. Cyclic locomotion is manly generated by the trunk. In addition, trunk and spine were designed to be compliant, aiming on three main points:
1. To avoid internal mechanical stress by undetermined displacements between front and hind body. During climbing on irregular substrates, front and hind body may be, e.g. laterally displaced relatively to each other. Solid constructions with only a limited DoF would be stressed internally avoiding self-aligning of the grippers on the gripped structures. 2. Energy saving. Elastic and spring-like components allow the storage of potential energy. Energy stored in the spring when the light front body is moved upwards is released afterwards to support the motor during the movement of the heavier hind body. 3. Robustness. The elastic nature of the robot leads to a robust system, which can endure falldowns without damage. 
